INTRODUCTION
The immune system is crucial for the defense against organisms that cause infections and against toxic products that may be released from the infectious agents. A functional immune response requires rapid and extensive cell growth, proliferation, and production of effector proteins. A defect in any single component of the immune system can cause a breakdown in this defense and may lead to serious or fatal diseases such as infections, cancers, or autoimmune disorders. In addition, a growing body of evidence suggests that excess inflammation decreases longevity [1] [2] [3] [4] ; therefore, fine regulation of this system is required to maintain health. Lymphocytes are part of the adaptive immune response and as such, are crucial for normal immune functions. T or B cell deficiencies are known to result in severe immunodeficiencies [5] . For that reason, it is vitally important to understand how normal lymphocyte function is regulated and fueled to allow energy and biosynthetic precursors for lymphocyte growth and effector function. To that end, this review will discuss the regulation of lymphocyte metabolism and the consequences of disrupting normal metabolism in these cells.
LYMPHOCYTE METABOLISM
T cells use glucose and glutamine as their primary fuel source [6] , although ketone bodies and fatty acids can also be used to a small degree. Of these nutrients, glucose appears to be particularly necessary for cell survival, size, activation, and cytokine production [7] . Glucose provides much-needed energy for the lymphocyte in the following ways: Glucose can serve as a primary substrate for the generation of ATP; glucose can supply a carbon source for the synthesis of other macronutrients, such as nucleic acids and phospholipids; and glucose can be metabolized by the pentose phosphate pathway to generate NADPH.
For ATP generation, glucose can be metabolized via glycolysis or oxidative phosphorylation [7] . Glycolysis occurs in the cytosol, where one molecule of glucose is broken down into two molecules of pyruvate. The net reaction is oxygen-independent and yields two molecules of ATP for every one molecule of glucose. Pyruvate is then converted to lactate and generates electron acceptor NAD from NADH. Alternatively, oxidative phosphorylation is oxygen-dependent and occurs within the mitochondria. It is comprised of two reactions: conversion of intermediate molecules (pyruvate and fatty acids) to acetyl coenzyme A (coA) and degradation of acetyl coA to CO 2 in the tricarboxylic acid cycle, yielding free electrons carried by NADH and flavin adenine dinucleotide (FADH 2 ), as well as transfer of electrons from NADH and FADH 2 to the electron transport chain, resulting in protons moving out of the mito-chondrial matrix. The electrochemical potential is then used by ATP synthase to make ATP, with a total yield of 30 molecules of ATP from each molecule of glucose. Thus, oxidative phosphorylation is a seemingly more efficient way to generate ATP from glucose, although few metabolites remain for biosynthesis.
Resting lymphocytes have low-energy needs and derive most of their ATP from oxidative phosphorylation [8] ; however, activated lymphocytes require a dramatic increase in metabolism upon activation. This is necessary to produce the energy required to stimulate growth and proliferation and produce the protein products expressed by activated immune cells [6, 7, 9, 10] . Glucose metabolism changes by orders of magnitude in an activated T cell, and the transition from a resting to an activated T cell causes a switch from catabolic to anabolic metabolism, in which ATP is used to produce complex macromolecules from simpler intermediates [11] .
Activated lymphocytes generate energy in large part by up-regulating aerobic glycolysis [6, 7, 9] , which describes the metabolic program used when a cell continues to convert pyruvate to lactate, despite conditions of adequate oxygen; it is used by many types of transformed or cancer cells [12, 13] . This shared metabolic program between activated lymphocytes and cancer cells further deepens the relevance of studying lymphocyte metabolism. It is not completely clear why an activated T cell chooses to use aerobic glycolysis for energy generation, although it may be that the rapid speed of glycolysis and the availability of biosynthetic precursors may favor glycolysis, despite the seemingly higher ATP production of oxidative metabolism. Regardless, a failure to increase glucose metabolism during lymphocyte activation prevents cell growth [6, 7, 9, 10, 14] .
We have shown that even in the presence of excess, alternative energy sources, glucose limitation can prevent T cell proliferation and survival [15] . To measure the proliferation of T cells in response to limited glucose, T cells were labeled with CFSE and then incubated on plates coated with anti-CD3 and anti-CD28 for 48 h in media with limited glucose concentration (0 -5 mM). T cells can use glucose or glutamine as a carbon source [6] , and so, media did contain ample glutamine as an alternative carbon source. The CFSE signal is divided among daughter cells following cell division. Proliferation was therefore measured by quantifying the amount of CFSE fluorescence in each individual cell. CD3/CD28-stimulated T cells had increased proliferation in response to increasing concentration of glucose (Fig. 1A) , which is therefore a preferred and essential nutrient for T cell activation. In addition, glucose is essential to promote T cell survival. To measure the survival of T cells in response to limited glucose, T cells were incubated on plates coated with anti-CD3 and anti-CD28 for 48 h in limited glucose concentration (0 -5 mM), and cell survival was analyzed flow cytometrically by propidium iodide exclusion. Activated T cells had an increase in survival in a glucose concentration-dependent manner (Fig. 1B) .
Together, these data show that activated T cells require glucose for proliferation and survival; in the absence of glucose, T cells will not proliferate, even if adequate glutamine is present. Protein synthesis during lymphocyte growth also depends on glucose metabolism for ATP and biosynthetic substrates, and thus, cells deprived of adequate glucose levels cannot produce the immune products required for effector function, such as IFN-␥ [8, 9, 16, 17] . Therefore, the growth, function, and survival of an activated lymphocyte depend on a dramatic increase in glucose metabolism that is not simply responsive to energy demands but is directly regulated and has a profound impact on T cell survival and function.
GLUCOSE TRANSPORTERS
Glucose uptake is controlled in part by the cell-surface expression of a family of glucose transporters [18, 19] . The best-known example in this family is glucose transporter 4 (Glut4), which is expressed in muscle, liver, and adipose tissue, and whose surface expression is up-regulated by insulin receptor activation [20 -22] . Lymphocytes, however, do not express Glut4 and instead, rely primarily on the surface expression of Glut1, a ubiquitously expressed glucose transporter [9, 23] . Glut1 has been found to be overexpressed in many cancers [24] , and interestingly, Glut1 is a coreceptor for the human T cell leukemia virus [25] . Glut1 expression must be properly controlled for immunity and to prevent autoimmunity. In the past, little has been known about Glut1 regulation or its role in T cell glucose metabolism. Our laboratory has studied the regulation of this glucose transporter in lymphocytes and hematopoietic cell lines. Not surprisingly, there are several signals and stimuli that can promote Glut1 expression and cell-surface trafficking and thereby, increase glucose in the T cell, including TCR stimulation, cytokine/growth factor stimulation, and hormones. In the absence of such signals, glycolytic flux decreases to a level that no longer sustains viability, and proapoptotic Bcl-2 family members become activated, promoting cell death [26] .
Glut1 TRAFFICKING
Glucose uptake can be modulated at multiple points in addition to Glut1 expression, including transport activity [27, 28] and localization to the cell surface [29, 30] . Using hematopoietic cell lines that are dependent on IL-3 for survival, we and others have demonstrated that Glut1 trafficking is a regulated process and that IL-3 treatment maintained surface levels of Glut1 and promoted recycling of intracellular Glut1 [29 -31] . Specifically, when cells were withdrawn from cytokine, Glut1 was internalized, and upon readdition of cytokine, Glut1 was returned back to the cell surface. Inhibition of new protein synthesis with cyclohexamide did not prevent the return of Glut1 to the cell surface, indicating that surface Glut1 was recycled from intracellular stores and trafficked to the cell surface. Furthermore, IL-3 attenuated Glut1 internalization and promoted Rab11a-dependent recycling of intracellular Glut1 [30] .
The PI-3K/Akt signaling pathway in particular plays a critical role in cytokine-regulated Glut1 trafficking [30] . Inhibition of PI-3K activity by use of the pharmacologic inhibitor LY294002 decreased the ability of IL-3/cytokine to increase surface Glut1 levels. Furthermore, overexpression of a constitutively active form of Akt (myristoylated Akt) was sufficient to maintain surface Glut1 in the absence of IL-3/cytokine signal [30] .
We further examined signals downstream of Akt that may be important in maintaining surface Glut1. We demonstrated that Akt did not require mammalian target of rapamycin (mTOR) to maintain surface levels, although inhibition of mTOR by rapamycin greatly diminished glucose uptake, suggesting that Aktstimulated mTOR activity may promote Glut1 activity, if not trafficking [30] . Alternatively, inhibition of glycogen synthase kinase-3 (GSK-3) by a pharmacologic inhibitor SB216763 partially maintained surface Glut1 levels in the absence of IL-3/cytokine. Maintenance of Glut1 cell-surface levels was likely a result of increased recycling of Glut1 via inactivation of GSK-3 by Akt, as Glut1 internalization was unaffected by GSK-3 inhibition [30] . Thus, Akt inactivation of GSK-3 is important for recycling and maximal surface expression of Glut1 protein, although precise mechanisms remain to be determined.
RESTING T CELLS Cytokines and growth factors
T cells exit in the thymus and enter the peripheral circulation as quiescent cells with modest energetic and biosynthetic requirements [23] . A key regulatory step for lymphocyte metabolism is control of nutrient uptake. In particular, T cells require extracellular signals, such as cytokines or growth factors, including IL-2, IL-4, and IL-7 or low-level TCR stimulation to maintain glucose uptake. In the absence of extrinsic signals, naïve T cells internalize Glut1 and other nutrient transporters, thus preventing adequate uptake of extracellular nutrients to maintain viability [10, 15, 30, [32] [33] [34] [35] . Conversely, addition of excess growth factor or cytokine stimulation can increase the surface Glut1 and glucose metabolism [10] .
IL-7 is a prosurvival factor for early thymocytes and for peripheral naïve and memory T cells [36] . In addition, IL-7 may play a key role in regulation of glucose uptake and metabolism in developing and resting T cells [32, 34, 36 -39] . Some cases of SCID in humans are caused by defects in the IL-7R, the common ␥-chain (␥ c ; shared with receptors for several other ILs), or the downstream Jak3 kinase that associates with ␥ c [5, 40] , all of which result in failed T cell development. Conversely, overexpression of IL-7 or IL-7R␣ results in lymphoma or autoimmunity in some tissues [41, 42] .
The signaling mechanism by which IL-7 may promote glucose uptake in T cells is beginning to be elucidated, and STAT5 and Akt activation play prominent roles. Full IL-7 signaling depends on phosphorylation of residue Tyr449 on the IL-7R␣, which has been shown to be required for IL-7R to activate the Jak/STAT5 and PI-3K/Akt pathways [43] [44] [45] . Tyr449 and STAT5 transcription factors are required for normal lymphocyte development, and Tyr449 is required for IL-7 regulation of glucose uptake and surface Glut1 localization [34] . Interestingly, IL-7R signaling in resting T cells results in rapid activation of STAT5 transcriptional activity but delayed yet sustained activation of Akt [34] . Akt and STAT5 appear to be necessary for IL-7 to promote glucose uptake in resting cells. Akt1 deficiency, pharmacological inhibition of PI-3K with LY294002, or depletion of STAT5 by small hairpin RNA led to defective glucose uptake in response to IL-7 [34] . Although STAT5 has not been described to play a significant role in glucose uptake, Akt kinases are known regulators of glucose uptake and metabolism (Fig. 2) [26, 46] . Constitutively active forms of Akt promote glucose consumption and Glut1 trafficking to the cell surface in a variety of systems [14, 47, 48] . Mechanistically, we have shown recently that immediate activation of STAT5 by the IL-7R leads to a STAT5-dependent transcriptional event that allows IL-7 to activate Akt [34] , which then can promote trafficking of Glut1 to the cell surface to promote glucose uptake.
Through this mechanism of delayed, yet chronic, activation of Akt, IL-7 may serve as an ideal T cell survival factor. Unlike many stimulatory cytokines, which lead to an acute activation of Akt, followed by a rapid decline in Akt activity, IL-7 produces a sustained Akt activation to support continued glucose uptake and metabolism. It is now important to understand how STAT5 may alter IL-7R signaling or lead to Akt activation and the role this pathway may play under other circumstances of T cell development and activation or in other tissues in which STAT5 is activated. Other ILs in the class I cytokine superfamily, of which IL-7 is a member, have not been wellstudied in regard to their effects on lymphocyte metabolism. However, we have seen that IL-2 and IL-4 may be important in promoting glucose uptake and metabolism in primary T cells [32, 34] .
Hormones
In addition to cytokines such as IL-7, immune cells are responsive to hormones and neurotransmitters, some of which may have effects on the metabolism of these cells. A key question for such hormones is to determine if modulation of immune cell function may occur, at least in part, through the regulation of lymphocyte metabolism. One example of such a hormone is insulin. The insulin receptor is not found on resting T cells but is up-regulated significantly on T cells activated by mitogen or antigen [49, 50] . Insulin signaling in T cells causes increased glucose uptake, amino acid transport, lipid metabolism, and protein synthesis and promotes T cell activation and responsiveness [49, 51] . Insulin has also been shown to promote Th2 T cell differentiation [50] , which may suppress inflammation. Thus, insulin resistance in obesity and diabetes may enhance Th1 cell development to promote the inflammatory condition observed in the metabolic syndrome.
Another example of a hormone that has important effects on immunity and metabolism is the growth hormone. In addition to its well-known effects on growth of cartilage and bone, the growth hormone can also affect carbohydrate, lipid, and protein metabolism [52] . Specifically, the growth hormone increases protein synthesis by enhancing amino acid uptake and by increasing mRNA transcription and protein translation. The growth hormone causes the direct release of fatty acids from adipose tissue and up-regulates fatty acid oxidation, which also has the result of decreasing protein catabolism. Finally, the growth hormone decreases carbohydrate use and impairs glucose uptake into some cells by antagonizing the effects of insulin. Many effects of the growth hormone may be mediated by insulin-like growth factors (IGFs) produced largely in the liver following growth hormone signal. In the immune system, growth hormone and IGF-1 have been found to increase the total number of bone marrow B-lineage cells to increase thymic cellularity in rodents and to increase the proliferation of normal and leukemic T cells as well as promote the generation of cytotoxic T lymphocytes [53, 54] . The growth hormone can also stimulate NK cells and granulocyte activity and has been found to be important in reversing steroid-induced leukopenia and inhibition of T cell proliferation [53, 54] . Interestingly, the growth hormone is a member of the class I cytokine superfamily, and its signaling relies in large part on STAT5 activation, which we have shown to be required for IL-7 signaling of Glut1 surface expression. To our knowledge, it has yet to be studied whether the role of the growth hormone in immune cell function is in any way mediated by its effects on metabolism.
Adipocytokines (or adipokines) are hormones that are secreted by adipose tissue and have effects on the energy status and immune reactivity of the organism. The growing list of known adipocytokines (adipocyte-derived molecules that bridge metabolism and immune function) includes adiponectin, leptin, IL-1, IL-6, IFN-␥, TNF-␣, and certain chemokines. Although adiponectin has recently been shown to be a potent growth factor for hematopoietic stem cells [55] , leptin has been most directly implicated as a possible bridge between immune function and metabolic status.
Leptin is an adipokine that decreases food intake, increases energy expenditure, and reduces body weight by acting directly on the hypothalamus, where feeding regulation occurs [56] . In addition to its effects on the hypothalamus, leptin acts directly on T cells, where it enhances the production of Th1-type cells, promoting inflammation [57] [58] [59] [60] [61] . Furthermore, leptin has been shown to have direct effects on lymphocyte proliferation [58, 59] and protection from apoptosis [62] [63] [64] . Mice and humans lacking leptin (ob/ob mice) or its receptor (db/db mice) have defects in cell-mediated and humoral-mediated immunity [65, 66] . Congenital leptin deficiency in humans [67] [68] [69] is associated with recurrent infections and atopic disease as a result of abnormal T cell number and function, with a decrease in CD4 cells and reduced T cell production [70] . Administration of recombinant human leptin to individuals with congenital deficiencies reverses the immune deficit and leads to a switch from predominantly Th2 cytokine to Th1 cytokine secretion [70] .
A key remaining question is to determine how the metabolic and immune modulatory functions of leptin interact. Leptin signals via the Jak/STAT pathway, similar to cytokines known to affect cellular glucose metabolism of T cells, such as IL-2 and IL-7 [57, 63, 71] , and as such, may be able to increase Glut1 surface expression and glucose uptake in lymphocytes. This seems likely, as it has been shown to increase glucose metabolism in muscle and fat cells [72] . In addition, leptin has been shown to up-regulate adenosine monophosphate-activated kinase (AMPK) activity in muscle cells and may also do so in lymphocytes [71] . Therefore, leptin appears to be a metabolic regulator at the cellular level in immune cells. It remains to be seen whether the effect of leptin on T cell metabolism mediates or influences the leptin-induced effects on T cell number and function. Understanding the function of leptin in immunity is important, as like insulin, leptin has been implicated as a possible mediator in the metabolic syndrome. Leptin is secreted in proportion to body adiposity or total fat volume. As leptin functions as a proinflammatory cytokine, it may be an important link between obesity and the inflammation seen in the metabolic syndrome.
GLUCOSE METABOLISM IN ACTIVATION OF T CELLS TCR activation
A functional immune response requires rapid and extensive cell growth, proliferation, and production of effector cytokines. As discussed above, the metabolic and biosynthetic demand of lymphocytes becomes dramatically increased after activation. To accommodate this metabolic demand, activated T cells greatly up-regulate Glut1 expression and glucose metabolism [14, 15] . Increased Glut1 and glucose uptake correlate with increased growth and proliferation, and insufficient glucose leads to deficient responses of activated T cells (decreased T cell proliferation and cytokine production) and induction of proapoptotic Bcl-2 family members [26] . The full activation of T cells requires two signals: TCR signal and costimulation via CD28. Costimulatory signals are sufficient and required for maximal increases in glucose uptake (Fig. 3) [15] .
The TCR and costimulatory signal appear to mediate regulation of glucose metabolism through separate pathways that induce Glut1 expression and Glut1 trafficking to the cell surface. Costimulatory signals may help increase Glut1 protein levels under suboptimal TCR stimulation, but they are not required for Glut1 up-regulation with strong antigen receptor stimulation. Despite the ability of strong TCR signals to potently induce Glut1 expression, this does not increase glucose uptake to a level comparable with T cells stimulated with TCR signal accompanied with costimulation (Fig. 4) .
Importantly, we have found that CD28 costimulation is required for efficient trafficking of Glut1 to the cell surface in activated cells [15] . Glut1 localization to the cell surface can be regulated by the PI3K/Akt pathway [30] , which is potently activated by the CD28 costimulatory signal [73] . Consistent with this role for Akt, transgenic expression of constitutively active Akt increased T cell size and glucose uptake and decreased dependence on CD28 during TCR stimulation [48] . Constitutively active Akt did not, however, alter Glut1 protein levels and was capable of increasing glucose uptake only if Glut1 protein levels were induced by an independent pathway, such as through strong TCR signaling [15] . Furthermore, transgenic T cells, which overexpress Glut1 and the constitutively active form of Akt, demonstrated increased glucose uptake, cell size, expression of activation markers, and proliferation compared with T cells expressing either single transgene alone [15] . Together, these data support a model in which immune signaling though the TCR-induced signaling pathways is responsible for increased Glut1 protein, and CD28 costimulation via Akt promotes Glut1 trafficking.
AMPK
AMPK is also a key regulator of cellular metabolism, which may play a role in the bioenergetics of activated T cells. AMPK promotes ATP conservation and production in times of ATP deficiency. Therefore, ATP-producing pathways such as glycolysis and fatty acid oxidation are turned on, and ATPconsuming pathways such as protein synthesis, fatty acid synthesis, gluconeogenesis, and glycogen synthesis are decreased. AMPK may also further increase the intrinsic activity of Glut1 [74 -76] . AMPK is activated primarily through two pathways. In times of energetic stress, AMPK is activated by an increased AMP:ATP ratio and the AMPK kinase LKB1 [74, 77] . In Fig. 3 . Activated T cells take up more glucose. T cells were isolated from wild-type mice and cultured for 24 h without treatment (neglect) or with 1 or 5 g/ml anti-CD3, with or without 5 g/ml anti-CD28. Glucose uptake of live cells was determined. Fig. 4 . CD28 costimulation influences Glut1 trafficking. High levels of TCR signal alone are sufficient to increase Glut1 protein levels without costimulation. Low levels of TCR signal require costimulation to increase Glut1 protein levels. CD28 costimulation promotes Glut1 trafficking.
addition, Ca 2ϩ -calmodulin-dependent kinase kinase 2 (CAMKK2) has been shown to activate AMPK, independent of AMP levels [78 -81] (Fig. 5A) .
AMPK is activated early in T cell activation in response to TCR stimulation, despite ample energy stores [81] . Inhibition of CAMKK activity with pharmacologic inhibitor STO-609 prevented TCR-stimulated AMPK activation, whereas inhibition of PI-3K activity by LY294002 had no effect on AMPK activation, demonstrating that the activation of AMPK following TCR stimulation is dependent on CaMKK but not on the PI-3K signal [81] . Thus, AMPK can be activated in T cells following TCR stimulation or energy stress/depletion of ATP via different upstream kinases [76] . The activation of a T cell leading to increased AMPK activity may be an example of a cell anticipating an increase in energy demands and a mechanism to increase cellular energy prior to the elevation of glucose metabolism as the primary energy source (Fig. 5B) .
ALTERED GLUCOSE METABOLISM
Glucose uptake is tightly regulated in lymphocytes, and it was unclear what role increased metabolism may have on T cell activation and survival. To investigate the effects of increased glucose uptake on T cell function, our laboratory has created a transgenic mouse to overexpress Glut1 in T cells [15] . The increase in T cell Glut1 expression leads to increased cell size, increased glucose uptake in peripheral T cells, enhanced IL-2 production in cells stimulated at the TCR (alone or with CD28 costimulation), and enhanced IFN-␥ production in cells stimulated with TCR alone [15] . Glut1 overexpression further enhanced activation marker (CD25, CD44, and CD69) expression in T cells, as measured by FACS [15] . Ultimately, transgenic animals developed hyperimmunoglobulinemia and immune complex deposition in the kidneys. Together, these data show that increased Glut1 expression and glucose uptake augment T cell growth and cytokine secretion upon stimulation. Thus, glucose uptake is a limiting factor for T cell growth and stimulation and must be regulated to prevent immune pathology.
Increased glucose uptake may lead to excessive T cell activity and accumulation as a result of enhanced T cell activation and/or inhibition of T cell death following stimulation. Our laboratory has identified a novel, glucose-initiated signaling pathway that leads to inhibition of GSK-3 [82] . This pathway is initiated by alterations in intracellular lipid synthesis of glycolytic cells and activation of protein kinase Cs (PKCs), which then phosphorylate to inactivate GSK-3. Inhibition of GSK-3 will augment T cell signaling through increased nuclear transport of the T cell activation transcription factor NF-AT [83] and prevent cell death through stabilization of the antiapoptotic Bcl-2 family protein, Mcl-1 [82] . Normally, Mcl-1 is targeted for proteasomal degradation by the ubiquitin E3 ligases, Mule and ␤-transducin repeat-containing protein, after phosphorylation by GSK-3 [84, 85] . Mcl-1, in highly glycolytic cells with inhibition of GSK-3, however, remains unphosphorylated and is not degraded. This stabilization of Mcl-1 increases the threshold for cell death, thus maintaining cell survival. This pathway is one of the first demonstrations of a direct link between glucose metabolism and apoptotic regulatory machinery and will be important for future study to better define the mechanisms of PKC activation, as well as to understand how alterations in GSK-3 activity affect T cell activation and survival.
These findings may be relevant to the fields of cancer biology and diabetes. Many cancer cells show increased levels of glucose uptake and glycolysis, resulting in increased anaerobic metabolism, as described many years ago by Otto Warburg [86] , and now termed the Warburg effect [13] . With emerging evidence for metabolic regulation of apoptosis, including our observations in hematopoietic cells, the Warburg effect appears to contribute to cancer cells' resistance to apoptosis [82] and may aid in identifying metabolic pathways, which can be targeted by chemotherapeutic agents, such as pyruvate kinase M2 isoform [87] and citrate lyase [88] . In obesity and type II diabetes, hyperglycemia and hyperlipidemia lead to an inflammatory environment that can contribute to the constellation of pathologies known as the metabolic syndrome. It is not entirely clear how altered nutrient levels in the serum may affect lymphocyte function. Given the inhibition of T cell function in low glucose levels (Fig. 1) , the high-glucose consumption associated with T cell stimulation (Fig. 3) , and the hyper-responsiveness of Glut1 transgenic T cell [15] , however, it is tempting to speculate that high glucose and lipid levels may contribute to lymphocyte activity to promote inflammation. The roles of nutrient limitation or excess in immunity are important areas for future study and consideration.
CONCLUSION
T cells require glucose uptake for survival and function. Naïve or quiescent T cells require extrinsic cytokine stimulation to maintain glucose uptake for housekeeping functions; this is mediated by and dependent on activation of STAT5 and PI-3K/Akt activity. Activated T cells require a large increase in energy to grow, proliferate, and perform effector functions required of an activated lymphocyte. Energy production in the activated T cell may initially rely on AMPK activity for maximal ATP production and later, rely on changes in Glut1 expression, glucose uptake, and aerobic glycolysis through TCR-mediated Glut1 induction and costimulation-mediated trafficking of Glut1 to the cell surface. Given this critical dependence on glucose, hypo-or hyperglycemic states are problematic. Without enough energy, activated T cells undergo apoptosis; however, overproduction of immune activation or excessive inflammation can lead to cancer or autoimmunity and may affect longevity. Therefore, fine regulation of the system is required, and understanding these metabolic pathways may lead to therapeutic strategies to target immunodeficiencies, cancer, and autoimmunity.
